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Abstract Celastrina sugitanii in the San-in District of Japan is a specialist depending on flowers of 
Aesculus turbinata. A field survey carried out in Misasa, Tottori Prefecture during 2003-2005 indi- 
cated that they laid eggs in late April. In late May the mature larvae left the host tree and fell to the 
ground surface, as was demonstrated by more than a hundred larvae collected with litter-fall traps 
under the host tree. The period for egg and larval stages in the field was thus estimated to be ca 36 
days. Rearing tests under different temperature conditions (18, 21, 24, 27°C; all 16L8D) in the lab- 
oratory revealed an extraordinary developmental zero point of the larvae, -0.9°C, despite of a nor- 
mal value of 7.8°C for the congeneric C. argiolus. The extreme value, caused by rapid larval 
growth at lower temperatures, should imply a climatic adaptation developed in C. sugitanii which 
needs to accomplish almost all its food assimilation within a restricted flowering period of Aesculus 
turbinata in May. 


Key words Celastrina sugitanii, developmental zero point, climatic adaptation, life cycle synchro- 
nization. 


Introduction 


Almost all Celastrina butterflies depend on flowers in the larval stage. Within the genus in 
which multivoltinism and polyphagy prevail, Celastrina sugitanii Matsumura in Japan 
shows unique ecological traits of univoltinism associated with virtual monophagy (Fukuda 
et al., 1984). To understand how these traits have been acquired, some biological features 
of C. sugitanii were investigated in comparison with those of C. argiolus (Linnaeus), a mul- 
tivoltine and polyphagous congener. 


Distinct from multivoltine species in which inclusive fitness should be evaluated as annually 
accumulative or as an average value, univoltine species in every generation have to realize 
sound fitness in a restricted period under changeable environmental conditions. Predictable 
climatic variations in the temperate zone may continue to exercise selection pressure on 
ecological traits in univoltine species, and hence may develop some unique features in such 
species. Here we report rapid growth at lower temperatures in larvae of C. sugitanii, which 
should be an adaptation to cope with the shorter flowering period of the host tree, Aesculus 
turbinata. To synchronize the life cycle with food resources can be a significant norm not 
only in determining the diapausing period but also in the active period (Masaki, 1980). 


Materials and methods 


Field survey 


To estimate the larval period in the field, numbers of adults and mature larvae falling from 
the host tree were counted in a population at Oshika-kei, Misasa-Cho, near Kurayoshi City, 
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Tottori Prefecture (alt. ca 640 m). Adult censuses were carried out from early April to mid 
May with intervals of several days, in 2003-2005, by two observers from 10: 00-16: 00. As 
the females tended to remain close to host trees, differing from the males, the censuses were 
performed around a host tree. Some adults were collected in order to obtain eggs for the 
following rearing test. To count falling mature larvae, we set large “litter-fall traps” under 
the host tree. The tree was 28 m in height, 1.55 m in trunk diameter and covered 389 m’. 
Eight sheets for agricultural use were extended (127 m? in total area) and larvae trapped 
were collected every second day during May 24-28, 2004. 


Rearing test 


To examine oviposition preference, nine females collected from the above field were al- 
lowed to oviposit on flowers of Aesculus turbinata and/or Swida controversa for a given 
time in a cage (30 x 30 x 30 cm). Flower species offered were alternatively changed every 
hour or unchanged for several hours. Numbers of eggs laid were counted every hour. Eggs 
obtained in the above oviposition choice test were reared in plastic petri-dishes placed in in- 
cubators each set at 18, 21, 24, 27°C (all 16L8D), to determine developmental zero point 
and thermal constant (=effective cumulative temperature) for egg and larval period. Fresh 
flowers of A. turbinata were given intermittently as food, and hatch and molt were daily 
recorded. To compare with the values of developmental zero point and thermal constant ob- 
tained, the third and fourth generations of C. argiolus were also reared in August-September 
of the year under the same temperature/photoperiod condition but with flowers of Pueraria 
lobata. 


Results 


1. Oviposition preference 


The results of oviposition choice test are given in Table 1 and show obvious preference for 
Aesculus turbinata. In the alternative test 101 eggs were laid on flowers of A. turbinata 
during 30 hours, while only one egg on those of Swida controversa. Even in the continuous 
test two out of five females rejected the latter completely. The values for S. controversa in 
the continuous test in Table 1, where 47 eggs were laid in 10 trials, might be overestimated 
due to one female, who laid 38 eggs in 5 trials and died the next day. Although females of 
the population examined have a physiological potential to utilize S. controversa, it should 
be seldom to realize under natural conditions. Indeed, we have never found any egg or 
larva of the butterfly on flowers of S. controversa in the habitat. 


2. Larval period in the field, with notes on the falling larvae 


Figure 1 depicts seasonal fluctuations in numbers of adults and falling larvae in 2004. 


Table 1. Oviposition choice by female Celastrina sugitanii (Misasa population). 
Females allowed to contact the flower during one hour in each trial. 





Flower species No. of trials No. eggs laid/trial* Females 
offerred eggs laid/trials (mean+s.d.) accepted 
Alternative Aesculus turbinata 13/30 7.7747 42 5/5 
Swida controversa 1/30 1.00 — 1/5 
Continuous Aesculus turbinata 13/24 5.77+4.07 4/4 
Swida controversa 10/27 4.70+6.53 3/5 
Wisteria floribunda 0/8 - = 0/2 


*trials not laid eggs are excluded. 
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Fig. 1. Annual fluctuations in observed numbers of adults and mature larvae of Celastrina sugitanii 
in Oshikakei (alt. 640 m), Misasa, Tottori Prefecture, in 2004 (below). Flowering season of 
the host tree, Aesculus turbinata, and change in air temperature estimated are also given 
(above). Air temperature is estimated from that at Kurayoshi Meteorological Station (alt. 8 
m) by reducing 3.6°C for altitudinal difference. See Table 3 and relevant text for meshed 
area of temperature. 


Adults began to appear from mid April and ceased in early May with a peak on April 21 in 
this year. The adult appearance varied annually, however, and the peak was on April 28 and 
May 3 in 2003 and 2005, respectively. The peak of oviposition activity should be close to 
the peak presence of females, and was presumed to be on April 21 for 2004. 


The larvae matured, at least most of them, fell from the canopy of the host tree Aesculus 
turbinata ca 25 m in height. Flowers of the host tree were at their best in mid May and fell 
in late May (Fig. 1). Although we are not sure whether the larva left the flowers sponta- 
neously or fell passively together with falling flowers (so-called “parachuting”), a total of 
114 larvae (96 of 4th instar, 9 of 3rd instar and 9 of 2nd instar) was collected by “litter-fall 
traps” mostly during May 24-28, 2004. Two out of 96 fourth instar larvae were parasitized 
by a parasitoid (unidentified). The fact that 94% (88/(96-2)) of the 4th instar larvae collect- 
ed pupated within the next day, at midnight, suggests their spontaneous falling. The ratio 
also suggests a very low mortality due to the falling, despite that a falling speed could be es- 
timated to be ca 9 m/s or 30 km/hr (referring to rain drops with 5mm diameter). The pres- 
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Fig. 2. Egg periods (left) and larval periods (right) in days (D) of Celastrina sugitanii (black bar) 
and C. argiolus (open bar) under various temperatures (abscissa). Regression lines of de- 
velopmental rate (V=1/days) in relative to temperatures are shown with mean V values for 
C. sugitanii (black circle) and those for C. argiolus (open circle). Regression of larval peri- 
od of C. argiolus was calculated using three V-values, as slightly arrested growth was ob- 
served in 27°C. 


Table 2. Egg period and larval period of Celastrina butterflies in days under 
various temperature (°C). Photoperiod=16L8D. Given in meantsd (N). 
Regression formulae are given below with correlation coefficient in 
parenthesis. V=1/days. 








Stage Temp. C. sugitanii reared with C. argiolus reared with 
CC) Aesculus turbinata Pueraria lobata 

Egg 18 6.33+0.52 (6) 6.61+0.50 (28) 
(days) 21 4.00+0.00 (5) 5.08+0.29 (12) 

24 4.00+0.00 (8) 3.95+0.40 (19) 

27 3.00+0.00 (9) 3.47+0.51 (19) 
Larva 18 21.75+0.96 (4) 22.60+1.34 (5) 
(days) 21 19.00+0.71 (5) 17.70+1.06 (10) 

24 16.50+0.58 (4)** 14.25+1.16 (8) 

27 14.80+0.45 (5) 12.86+1.07 (7) 
Regressions 
Egg V=0.01757-0.1469 (0.948) V=0.01557-0.1273 (0.996) 
Larva V=0.00247+0.0021 (0.999)  V=0.0047T-0.0428 (1.000)* 


*excluding a value of 27°C due to slightly arrested growth. 
*“*two individuals emerged without diapause. 


ence of 18 immature larvae simultaneously collected, however, indicates that a part of the 
larvae at least fell passively. Ten of the 18 pupated later, but 4 of the 3rd instar and 4 of the 
2nd instar died under rearing, of which one and 4 larvae were parasitized, respectively. 
Based on these observations, we estimated that the peak of pupation in the field population 
should be on May 27 in the year. 


These estimated peaks indicate that most of C. sugitanii passed their egg and larval stages 
within 36 days (April 21-May 27) in the field conditions of 2004. 





NII-Electronic Library Service 


The Lepidopterological Society of Japan 


Larval Growth in Celastrina sugitanii 249 


Table 3. A comparison of developmental zero points (Ty; °C) and corresponding thermal constant (K; °C-day) 
between Celastrina sugitanii and C. argiolus. Calculated from data given in Table 2. Confidence 
limit of T, values (95%)* are in parenthesis. 











Egg Larva 
T, K T K 
C. sugitanii 8.38 (3.96/12.14) 57.5 (72.5/42.5) —0.88 (—1.48/—0.30) 412.4 (423.2/401.9) 
C. argiolus 8.19 (7.17/9.22) 64.4 (69.3/59.5) 7.82 (6.62/8.95) 235.2 (254.6/211.7) 


*temperatures at which upper/lower limits of regression (95% of confidence) across the axis V=0. 


3. Effect of temperature on egg and larval growth 


The periods of egg and larval stage under various temperatures are shown in Fig. 2 and val- 
ues obtained are compiled in Table 2, with a reference to the closely related C. argiolus. 
For egg period, though the observation interval of one day was coarse for the period of 3-7 
days observed, both insects showed similar responses to the temperatures to which they 
were exposed. Developmental zero points were ca 8.3°C, and thermal constants were ca 
60°C-day in both species, however, the confidence range of the developmental zero point 
was very wide in C. sugitanii (Table 3). 


Developmental zero point for larval period was obviously different between C. sugitanii and 
C. argiolus (Table 3). Although the latter showed a developmental zero point of 7.8°C, a 
value similar to that of the egg period (calculating from periods at 18, 21, 24°C since slight- 
ly arrested growth was observed at 27°C), the former revealed an extraordinary develop- 
mental zero point of -0.9°C. Despite that C. sugitanii spent larval periods 1.3-2.2 days 
longer than C. argiolus at 21, 24, and 27°C, while at 18°C the larval period of C. sugitanii 
was 0.85 days shorter than that of C. argiolus (Fig. 2, Table 2). No arrested growth was de- 
tected in C. sugitanii even at 27°C, revealing a good linearity in regression (Fig. 2). In C. 
sugitanii, because of the low developmental zero point, the value of the thermal constant for 
larval development became larger, being ca 410°C-day (Table 3). 


Discussion 


The extreme value of developmental zero point in C. sugitanii described above may or may 
not be caused by arrested growth in a wide range of higher temperatures above 21°C, since 
the larvae of the species grow under lower temperatures in spring. This view, however, can 
not explain the annual fluctuation observed in the field (Fig. 1). If larvae of C. sugitanii 
grew at the same rate as C. argiolus, they should spend more than 39 days as larvae under 
the field temperature conditions given in Fig. 1, and the females would have to oviposit in 
March! This is obviously not the case. Adopting the values of developmental zero point 
and thermal constant for C. sugitanii obtained in the present study (Table 3), the egg and 
larval periods can be predicted as 16 days and 26 days in the field, respectively; eggs laid on 
April 16 should hatch on May 2, and pupation takes place on May 27 (Fig. 1). This pheno- 
logical reconstruction should be corrected in the egg period since developmental zero point 
for the period was not well determined (Table 3). Presuming the developmental zero for 
eggs as 4°C and the corresponding thermal constant as 72.5°C-day, the egg period is expect- 
ed to be 11 days, hence for individuals that pupate on May 27 oviposition should have taken 
place on April 21, which coincides well with the field observation shown in Fig. 1, below. 


The value of developmental zero point, -0.9°C, in larvae of C. sugitanii is unusual within 
butterflies (Bryant et al., 1999; Kato, 2005) or even in whole insects (cf. Kiritani, 1997, 
2001; Ito, 1975). In a monograph compiling developmental zero point of 430 insects, 
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Kiritani (1997) described the mean value of 83 lepidopteran species as 10.4°C+2.4 s.d. So 
far as we are aware, developmental zero point at subzero temperatures is hitherto known in 
aphids, Macrosiphum euphorbiae in Canada (-0.03°C: Rarlow, 1962) and Aphis gossypii in 
Japan (-0.4°C: Komazaki, 1982), and also a dipteran species, Delia floralis (-2.4°C: cited in 
Kiritani, 1997). The present case in a Celastrina butterfly may or may not be biased since it 
is estimated by a large extension of the regression line concerned (Fig. 2). Confidence 
limit lines of the regression (95%), however, cross an X-axis of V=0 at -1.48°C for the 
upper limit line and -0.30°C for the lower limit line. Data given by the present study expect 
that for C. sugitanii a larval period of 26 days at 15°C, 32 days at 12°C and 42 days at 9°C. 
A future experiment examining larval periods under such lower temperatures will provide 
crucial evidence. Irrespective of the absolute value of the developmental zero, rapid growth 
by larvae of C. sugitanii at lower temperatures should be true. We believe that in C. sugi- 
tanii the distinct adaptation has been acquired to utilize the seasonally restricted flower re- 
source of Aesculus turbinata. Due to their univoltine life cycle with a long diapausing peri- 
od, C. sugitanii in Japan have to accomplish almost all food assimilation within the restrict- 
ed flowering period of Aesculus turbinata in May (Hoshikawa and Komeyama, 2007). 


C. sugitanii might be bivoltine in the Korean Peninsula (Wakabayashi, unpubl., see Fukuda 
et al., 1984), and some non-diapausing pupae were also observed in the present study; out 
of 4 individuals reared at 24°C, 2 adults emerged without diapause (Table 2) and 3 adults 
emerged from 12 stock cultures reared under room temperature (24-27°C). Although such 
was never observed at other temperatures (Table 2), this exceptional phenomenon may sug- 
gest the occurrence of non-diapause gene(s) in the populations of Japan. The species may 
be strengthening (or have strengthened) the univoltine/ monophagous trend within the 
Japanese Archipelago. Several local populations of the butterfly utilize Swida controversa 
and Phellodendron amurense as subsidiary hosts (Fukuda et al., 1984), and utilization of 
other leguminosid hosts in some fields was recently reported (Iwano et al., 2006). To un- 
derstand the process of host shift in the butterfly, seasonal restriction in resource materials 
or climatic adaptation of the species should be of significance. Geographic variation in the 
flowering period of Aesculus turbinata could also strongly affect the life cycle of the but- 
terfly. We are now interested in the host utilization by populations in Hokkaido, the north- 
ern boundary of the species; whether or not the flowering period of A. turbinata in southern 
Hokkaido is sufficiently long to breed the larvae of C. sugitanii. 
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EWA DALY AMY YY SLAF SOARING L TOS, KOA IER © TS 4 ACEP 
NA LEAR ZIT oZ. KMROBEWED SBN CO BIN 4H TE CHEE SN, BLD S 
BETS RAMROUI—bhF YS CORREO RED O, JREF? XCHENADILSH PHL 
STH S172. RES NEMA ROW A SEM LA. Chom bhi ONES =H BM 
beh) CORMOD - HMM 36 H CHES. 


BR tp BPE LE (18, 21, 24, 27°C: VFN 16L8D) T hF? SERS TRESE AALE 
2, ZDEJ A-0. C & Mp MHL), ZOOR ARNm 412 HE X Kä SES 
ott. COBRFEALRRMS KOMP CS HY CVE CHAD, BAM DER Cl SNE BK 
REGARD 5 BOVIS BU AEA PHT ZEM ORES) (ARAA Pzt 15°C), 
LLH MOMMA ABR THU, BOA CHO l PEHEE E k RL. 

MAE C7 ALA CHE LELY YI ARORA RATS CRo ROT, AFJ 
pe BAY 1c I eC BU SRV Se BES UROL APRBSNSY. Inilte hF 
JX OMS NCTE BIC MELA LE CORMIER ETT DED NILE D BORAT BU OLY 
AYEGGEIBDOOLOLEZ SNA. 
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